Temporal variations of radionuclide levels in the epiphytic Usnea sp. lichens from the two islands Sakhalin and Kunashir, the Sakhalin region, Russia have been evaluated using the already published (2011)(2012)(2013) and new experimental data (2015). A total of 62 lichen samples were measured using high purity germanium γ-ray detectors and multichannel analyzers. In the period 2011-2015, activity 
Introduction
Lichens are recognized to be effective and inexpensive natural monitors of airborne contamination of the environment by man-made radionuclides [1, 2, 3, 4] . Specifically, lichens were successfully tested in some European countries as a tool for evaluation of the cumulative radiocesium ( 137 
Cs and 134
Cs) fallout after the Chernobyl nuclear reactor accident (USSR, 1986) [5, 6, 7, 8] .
The nuclear reactor accident at the Fukushima-Dai-ichi Nuclear Power Plant (FDNPP) in Japan in 2011 (for review see e.g., [9] ) has triggered a new wave of research on the lichens ability to intercept and retain the fallout 137 Cs and 134 Cs [10, 11, 12, 13] . Specifically, Dohi et al. [10] demonstrated that activity concentrations of 137 Cs in some epiphytic lichens (Parmeliaceae, Ascomycota) were positively correlated with the 137 Cs deposition density on soil. The study by Dohi et al. [10] was conducted in Japan at those areas that had been heavily contaminated by Fukushima fallout (up to 3000 kBq m -2 of 137 Cs ground deposition). At the same time, some epiphytic (Bryoria sp. and Alectoria sp.) and epigeic (Cladonia sp.) lichens appeared to be extremely sensitive natural meters of the Fukushima originated 134 Cs in the environment [11] . The radionuclide was safely determined in the lichens from those sites in Northern Finland that had received less than 1 Bq m -2 of 134 Cs cumulative fallout due to the Fukushima accident [11] .
To establish a relationship between the activity concentration of a radionuclide in lichens and the level of contamination of the earth surface with the radionuclide, the concept of aggregated transfer factor, T ag , [14, 15, 16] and the following formula can be used:
where, T ag(t) is the soil-to-lichen aggregated transfer factor for a radionuclide at time t (e.g., the number of years after ); C (t) is the radionuclide activity concentration in the lichen at time t (Bq kg -1 ); A (t) is the cumulative ground deposition of the radionuclide at time t (Bq m -2 ). After the Chernobyl accident some investigators [8, 17, 18] found increase of the radiocesium activity concentration with time for selected species of lichens. The reasons could be the washing out of the radionuclide from roofs and tree stems or aeolian redistribution [8] . However, the majority of authors reported declining time trends of the radiocesium content in various epigeic, epiphytic and epilitic lichens (e.g., [19, 20, 21, 22] ). The removal of cesium radioisotopes from lichen occurs both due to physical (radioactive) decay (decay constant λ phys ) and by biological elimination processes characterized by rate constant λ bio [23] . The biological elimination is associated with: a) the radionuclides wash-off with water, and b) the growth of lichens (biomass increase) [1, 23, 24] . To estimate activity concentration of a radionuclide in lichens at time t, the exponential equation [8] can be used:
where C (t) is the activity concentration of a radionuclide at time t (Bq kg -1 ); C (t=0) is the activity concentration of the radionuclide at time t=0 (Bq kg -1 ); λ phys is the radioactive decay constant of the radionuclide (y ); λ bio is the experimentally determined biological depuration rate constant for the radionuclide (y -1 ). Very often, instead of λ bio , the rate of biological removal of a radionuclide from lichens is described as "biological residence time" or "biological half-time", T bio [23] : where T bio is the biological half-time of a radionuclide in lichens (y); 0.693 is ln2; λ bio is the biological depuration rate constant (y -1 ).
The term "effective half-life", T eff , was introduced (e.g., [14, 25] ) to describe the combined effect of loss of a radionuclide via biological elimination [the term T bio in Eq. (3)] and physical half-life of the radionuclide, T phys . The sum of the inverse of these half-lives gives the definition of the effective half-life defined [26] as:
where T eff is the effective half-life (y); T phys is the physical half-life (30.2 y for 137 Cs and 2.06 y for 134 Cs); T bio is the biological half-life (y).
The above formula can be rewritten in the following form [25] :
where T eff is the effective half-life (y); T phys is the physical half-life (y); T bio is the biological half-time (y).
T ag(t=0) and T bio are key parameters in models of transfer of the radiologically important radionuclides (cesium isotopes including) from the environment to human [11, 14, 27] .
In the period 2011-2013, we studied applicability of epiphytic fruticose lichens of the genera Usnea, Bryoria and Alectoria for retrospective evaluation of the 134 Cs/ 137 Cs ratio in Fukushima fallout at the Sakhalin region, the Russian Federation [24] . Declining trends of the radiocesium activity concentrations and an absence of temporal variations of 7 Be in the lichens were also recorded within this relatively short time period (of about 2 y). Our study of the lichens at Sakhalin Region has been continued in 2015 with the main aim to estimate T ag(t=0) and T bio of the Fukushima-borne radiocesium in the genus Usnea for a longer, 4-year, period. Besides cesium radioisotopes, we have quantified activities of the natural radionuclides 7 Be and 40 K in samples of the lichens. The short-lived (a half-life of 53 days) cosmogenic 7 Be, which is produced in the upper troposphere and lower stratosphere [28] , can be used as an indicator of atmospheric particulate matter trapping and retention by lichens (e.g., [23, 29] ). Potassium-40 is the longlived (a half-life of ~10 9 years) radioactive isotope of potassium, an essential chemical element in the nutrient cycle in lichens [1, 23] . The dynamics of the K content in lichens are used for estimation of the effect of the environmental stress factors on metabolism of these symbiotic (algae+fungus) organisms (e.g., [30, 31] ). Therefore, the second aim of the study is to evaluate possible time-and location-dependant variations of the natural radionuclides 7 Be and 40 K in the lichens at Sakhalin Region. An assessment of correlations between activity concentrations of the technogenic and natural radionuclides in lichens is the third aim of this research. The analysis of new experimental results is presented here in combination with a re-analysis of the already published data [24, 32] .
Material and methods

Study area
Sampling of lichens was performed at the southern part of the Sakhalin island and in the central part of the Kunashir island (Fig. 1) . The sampling sites are located far from the FDNPP, at distances of about 1000 km at Sakhalin (3 plots) and 800 km at Kunashir (5 plots). The plots are located between the latitudes of 46.56-46 .60° N and the longitudes of 143. .36° E at Sakhalin and between the latitudes of 44.00-44.02° N and the longitudes of 145.77-145.82° E at Kunashir. The plots altitudes range from 3 m to 40 m and their distances from the coast line range from 0.2 km to 6.9 km. Geographically the sampling areas are situated in the moderate climatic zone (the moist maritime subzone). The average precipitation and annual temperature values at Kunashir are higher than those at Sakhalin (Table 1) . 
Sample collection
Samples of Usnea lichens (for description of the genus see [34] ) were collected in November 2015 from the branches of the evergreen fir-trees, Abies sakhalinensis. In the previous years (2011, 2012 and 2013) samples had also been obtained in the autumn during the September-November period [24] . At Sakhalin, the lichen samples were composed mostly of the species U. longissima (Fig. 2) , while at Kunashir, the species U. diffracta prevailed (for illustration see Graphical abstract and Supplementary material in [24] ). In 2015, six samples were collected at Sakhalin and 15 samples at Kunashir. The total number of samples collected in the period 2011-2015 is 25 at Sakhalin and 37 at Kunashir.
Sample preparation and analysis
Lichen samples were cleaned from extraneous material (e.g., trees bark, needles) and cut into pieces smaller than 1 cm in size. The air dried samples were packed into cylindrical containers (volume 250 cm 3 , sample mass 48-63 g) and Marinelli beakers (volume 1000 cm 3 ; sample mass 113-118 g) for further measurements. The Marinelli geometry was used to quantify 137 Cs in lichen samples obtained at Sakhalin in 2015 because even long-term (>100000 s) measurements in the standard 250 cm 3 geometry did not reveal the presence of the radionuclide in the samples. Each large sample for the Marinelli geometry was composed of two standard samples previously measured in the standard geometry.
The activities of γ-ray emitting radionuclides in samples were determined by γ-ray spectrometry, using high-pure germanium Cs (n=17), the detection limit for the radionuclide was estimated using the formula (6), which is a specific case (the time of background measurement is longer than the time of sample measurement) of the generalised Currie formula [36] , proposed by Strom and Stransbury [37] :
, (6) where DL is the detection limit (Bq kg 
Statistical analysis
Eight groups were formed from specimens obtained at two islands in 2011, 2012, 2013 and 2015. Number of samples in each group varied from three to fifteen. Statistical analysis included calculation of mean, standard deviation (SD), standard error and median. The significance of differences between lichens collected in different years and between Sakhalin's and Kunashir's lichens was determined using the non-parametric Mann-Whitney U test and P<0.05 was considered significant. Associations between activity concentrations of the radionuclides were evaluated using the Pearson's correlation coefficient (a large data sample; n>60) or the nonparametric Spearman's rank correlation coefficient (a small data sample). P-values of less than 0.05 were considered statistically significant. A linear regression analysis was also applied with calculation of coefficients in the regression equation and presentation of the obtained results in figures. The statistical analysis was performed using Microsoft Excel for Windows and Codes for the Automatic Calculations [39] . Tables 2-5 n -number of samples; SD -standard deviation.
Results and discussion
Radionuclides activity concentrations in lichens
The values for the period 2011-2013 are given based on [24] . Activity concentrations are given on the date of sampling. n -number of samples; SD -standard deviation. Activity concentrations are given on the date of sampling. n -number of samples; SD -standard deviation. * The composed samples were measured in the 1000 cm 3 Marinelli beaker geometry. The values for the period 2011-2013 are given based on [24] . Activity concentrations are given on the date of sampling. n -number of samples; SD -standard deviation; n.e. -not estimated. * The composed samples were measured in the 1000 cm 3 Marinelli beaker geometry. The values for the period 2011-2013 are given based on [24] . Activity concentrations are given on the date of sampling.
Berillium-7
Berillium-7 activity concentrations ( Be have been reported by other authors for epiphytic lichens collected in different countries in previous years (Table 6 ).
There was no statistically significant difference between study islands, and median concentrations of 7 Be were 210 Bq kg -1 (n = 25) at Sakhalin and 205 Bq kg -1 (n = 37) at Kunashir (the Mann-Whitney test; P > 0.05). No statistical difference was found between the initial 2011 year and following years (the Mann-Whitney test; P > 0.05), excluding 2012 at Sakhalin (the Mann-Whitney test; P < 0.05) (Fig. 3) . Note that the difference between the median concentrations of 7 Be in lichens at Sakhalin in 2011 and 2012 did not exceed 15%. This analysis indicates that lichens from the Kunashir and Sakhalin islands have probably had the time-invariant ability to trap and store atmospheric aerosols in the study period. Previously, a similar conclusion, based on the 7 Be analysis, had been drawn with respect of the epigeic fruticose lichen Cladonia sp. from Canada [23] . At the same time, variations in 7 Be concentrations in lichen samples may reflect local rainfall intensities and trapping capacity of individual samples [23, 29] .
Potassium-40
Potassium-40 activity concentrations did not strongly vary (Table 3) , were found in Flavoparmelia caperata and Parmotrema perlatum from the Ordu province in Turkey [20] .
The median activity concentrations of 40 K were 65 Bq kg -1
(n = 25) at Sakhalin and 55 Bq kg -1 (n = 37) at Kunashir. The difference between the study islands was small but statistically significant (the Mann-Whitney test; P < 0.01). This may be associated with interspecies differences among lichens because U. diffracta prevailed at Kunashir, while at Sakhalin all samples were composed of only one species, U. longissima. A statistically significant difference was found between the initial year, 2011, and 2012-2013 at Sakhalin (the MannWhitney test; P < 0.05). However no clear long-term trends in 40 K activity concentrations were observed at both islands (Fig.  3) . It may indicate that physiological activity of our lichens remained stable during the study period.
Cesium-137
A variation in 137 Cs activity level was observed in lichens ( Table 4 , were found in several species of epiphytic lichens at Honshu Island in Japan (Table 6) [10, 12, 13] . The maximum activity concentration of 137 Cs was reported for the foliose lichen Parmotrema clavuliferum from the Fukushima prefecture, and the maximum 137 Cs deposition density on soil for the study area was estimated as 2920 kBq m -2 [10] . Almost all 137 Cs in the epiphytic lichens in Russia and Japan was apparently derived from the FDNPP [12, 24] , while in the samples in Finland, the radionuclide origin could be mostly attributed to the Chernobyl accident and the atmospheric nuclear weapons tests conducted in the 1950-1960s. It was estimated that the Fukushima accident increased the 137 Cs concentrations in the epiphytic beard lichens (Bryoria sp. and Alectoria sp.) in Northern Finland on average only by 6.9% [11] .
For our lichens, the highest activity concentration of ). Significant differences between the islands were demonstrated (the Mann-Whitney test; P<0.01). The high activity concentrations of 137 Cs in lichens at Kunashir may be associated with higher levels of Fukushima fallout at this island compared to Sakhalin [24, 33] . In the period 2011-2013, levels of 137 Cs in lichens at both islands tended to decline with time [24] . A study of samples obtained in 2015 has confirmed these trends (Table 4, Fig. 3 ).
Cesium-134
The 134
Cs activity concentrations in lichens samples from the study islands (Table 5) Cs on the ground after the Fukushima accident did not exceed 0.001 kBq m -2 in Northern Finland [11] , while at Kunashir, the maximum value was estimated as 0.155 kBq m -2 [33] . Much higher ground contamination levels of 134 Cs, up to 3000 kBq m -2 and more, were reported for the Fukushima prefecture in Japan [40, 41] .
As in 137 Cs, significant differences in 134 Cs activity concentrations in lichens were found between Kunashir and Sakhalin (the Mann-Whitney test; P < 0.01). The highest levels were recorded in 2011 at Kunashir, where the median activity concentration was calculated as 19. Cs activities ratio in Fukushima fallout on Japan [42] . It indicates that the excess of 137 Cs in the sample K15L4 is associated rather with the fresh Fukushima-borne contamination than with previous fallout from the atmospheric nuclear tests and the Chernobyl accident, despite the fact that the pre-Fukushima 137 Cs strongly dominates the total ground inventory of 137 Cs in the study area [33] .
Relationship between activity concentrations of radionuclides in lichens
Results of correlation analysis for individual islands in different years are given in Table 7 . The Spearman's correlation coefficients, R Sp , are calculated for those groups where number of samples with quantified activities is equal or more than five.
The relationship between 7 Be and 40 K is controversial. Although in samples (n = 6) collected at Kunashir in 2013 a statistically significant positive correlation between activity concentrations of the radionuclides was found, other groups did not demonstrate the significant relationship. No correlation was determined between 7 Be and 40 K activity concentrations in the whole set of lichens (n = 62) collected in Sakhalin Region in the period 2011-2015 (Fig. 4a) . The Person's correlation coefficient has been calculated as 0.03 (P > 0.05). Kahraman et al. [43] also did not find a statistically significant correlation between the There was no correlation between activity concentrations of 40 K and cesium radioisotopes in groups (Table 7) . No correlation was also observed between 40 
K and 137
Cs (R Sp = 0.07; P > 0.05; n = 59) for the whole sets of samples collected in 2011-2015 (Fig. 4b) . The literature data on relationship between 40 K and 137 Cs in lichens are controversial. Cevik and Celik [20] report that 137 Cs activity concentration shows a tendency to decrease with the increments of (Table 7) . However, for the whole set of samples collected at the Sakhalin region in 2011-2015 (Fig. 3c) , the correlation was statistically significant. The Spearman's rank correlation coefficient was calculated as 0.413 ( P < 0.01; n = 59). A positive and statistically significant correlation (R Sp = 0.357; Cs. * Correlation is statistically significant at P < 0.05. ** Correlation is statistically significant at P < 0.01. The r-values for the period 2011-2013 are given as reported by Ramzaev et al. [24] . Be activity concentrations in the epiphytic Usnea lichens from Canada in the early period of 1-2.5 y after the Chernobyl accident [44] . The close relationship between the short-lived 7 Be and the long-lived fallout radiocesium in Usnea shortly after the major radiation accidents can be explained by the fact that epiphytic lichens such as Usnea sp. obtain their nutrients directly from the atmosphere resulting in similar isotopic ratios in lichen and the atmosphere [45] . Interestingly, that in the remote period after the Chernobyl accident, in 2010, Kahraman et al. [43] did not find positive correlation between 137 Cs and 7 Be activity concentrations in some species of epiphytic lichens collected in Turkey. Kahraman et al. [43] suggest that there are two possible sources of 137 Cs in the lichens: dust particles containing soil and atmospheric deposition. Only the latter may be directly linked to the 7 Be activity in lichens and other biomonitors when they are used in investigations of pollutants behavior in the atmosphere (for further discussion see [46] Cs activity concentrations was found for five groups in our lichens sampled in 2011-2013 ( Table 7) . The correlation between the . This indicates a relatively low background contamination by 137 Cs (<1 Bq kg -1 ) in the Usnea lichens. The most dominating source of the "old" 137 Cs in the study area is global fallout originating from the nuclear weapon tests conducted in the nineteen-fifties and -sixties [33] . 134 Cs and 137 
T bio and T eff for
Cs in lichens
The biological depuration rate constant, λ bio [Eq. (2)], for 137 Cs in lichens from Sakhalin Region can be estimated for the period 2011-2015 based on the median values of the 137 Cs activity concentrations after correction for radioactive decay (Fig. 6) . For Kunashir and Sakhalin, the λ bio is 0.58 y (5)] is calculated as 1.15 y and 1.08 y for Kunashir and Sakhalin, respectively. These estimates of T eff for the Fukushima-borne 137 Cs in our epiphytic lichens are in agreement with data by Ohmura et al. [12] who report that the activity concentration of 137 Cs in Dirinaria applanata growing on tree trunks in Tsukuba City (Honshu Island, Japan) decreased by ca. 50% within a year (2011-2012). The T eff value of 1.6±0.3 y was calculated for 137 Cs activities in the epiphytic beard lichens (Bryoria sp. and Alectoria sp.) from Finland in the period 2011-2013 [11] . The 137 Cs T eff values for the lichens from Russia, Japan and Finland after the Fukushima accident are in general shorter than those that had been previously reported for different epiphytic lichens from different countries after a single-pulse contamination of the environment due to the Chernobyl accident (Table 8) . A detailed analysis of reasons for such differences between two accidental contamination events with respect of the 137 Cs T eff in lichens is beyond the scope of this study. Possible influencing factors can be associated with: a) climate (specifically precipitation); b) habitat; c) morphological and physiological differences between species; d) physico-chemical properties of radiocesium in fallout; e) spatial redistribution of the radionuclide in compartments of the environment following initial deposition; f) contribution from previous contamination events [4, 11, 21, 47, 48, 49, 50] . Further, the post-Fukushima statistics in terms of lichens species, sites and longevity of observations should be improved. Presently, conduction of such long-term investigations of 137 Cs behavior in various species of lichens and in their habitat is possible only at the territory of Japan because of high levels of the environmental contamination by cesium radioisotopes. 0.91±0.18 y, the value which correlates well with the data obtained for Eastern Russia and presented here. Following the Chernobyl accident, Heinrich et al. [3] deduced a value of 1.3 y for T eff of 134 Cs in the epiphytic foliose lichen Pseudevernia furfuracea collected in Austria in 1986-1989.
T ag for
134 Cs and 137 
Cs in lichens
In 2011, our lichens samples were collected at the Kunashir and Sakhalin islands simultaneously with soil samples [32] . The soil samples have been used for evaluation of the local levels of cumulative ground deposition of radiocesium [the term A (t) in Eq. (1)] due to the Fukushima accident [33] . For our areas of lichens sampling, the Fukushima derived Cs activity ratio in Fukushima fallout was equal to 1 [33] . Since all samples of our lichens and the soil samples from the study by Ramzaev at al. [33] were analyzed in the same laboratory using the same instruments and reference radioactive sources [32] , T ag values [Eq. (1)] for radiocesium can be deduced with a good accuracy.
For time t=0.5 y (the first lichen sampling occasion after the Fukushima accident) and for the median values of C (t=0.5) (7. Cs deposited onto the ground (nearly 1000 sites) as a result of the Fukushima accident was observed from March to December 2012. This lack of mobility of the radiocesium inventory may be associated with the topography (open and flat terrain) of the locations that had been selected by Mikami et al. [40] for the measurements. Very similar flat terrain sites (undisturbed grasslands) were selected at the Kunashir, Shikotan and Sakhalin islands by Ramzaev at al. [33] ) deduced for the epiphytic fruticose Bryoria and Alectoria lichens collected in Northern Finland in 2011-2013 [11] . The large variations in T ag values in lichens may be due to interspecies differences. After the Fukushima accident this issue was addressed in the paper by Dohi et al. [10] who studied radiocesium activity concentrations in nine species of epiphytic, mostly foliose lichens within a 60 ) was deduced for the Sakhalin area, which is located some 400 km to the northwest from the area sampled at Kunashir (Fig. 1) .
Much more pronounced differences in the 134 Cs T ag values can be seen when comparing the lichens and vascular plants collected simultaneously at the Sakhalin region during the September-October period 2011 [32] . The median , respectively [33] . Both values are about an order of magnitude lower than those for our Usnea lichens. Earlier, similar significant differences between lichens and high vascular plants in regard to the accumulation of radiocesium originating from nuclear explosions and the Chernobyl accident were reported by many researchers [51, 52, 53, 54, 55] .
We have tested applicability of the T ag values determined for lichens in this study for prediction of ground deposition density of the Fukushima-derived 134 Cs. The Shikotan island has been used as the test model. The island is located very close to the Kunashir island ( Fig. 1) and, in general, there are no differences between the islands in climate characteristics [56] , species of Usnea and the lichens habitat [24] .
The activity concentrations of 134 Cs in individual samples of Usnea lichens collected at Shikotan after the Fukushima accident are reported by Ramzaev et al. [24] . Based on the published data, the median activity concentrations of Cs activity concentrations determined in the Usnea lichens from Shikotan in 2011 and 2012, respectively.
The good agreement between the actual and predicted levels of the 134 Cs deposition at Shikotan in the case of application of the λ bio and T ag values, which were deduced for Kunashir, is not unexpected. At both islands, the U. diffracta species dominated among lichens collected for analysis. The lichens were obtained from isolated trees in the open areas or from single trees at the edge of a forest. There were no differences between Kunashir and Shikotan with respect to annual temperature and precipitation in the period 2011-2012 (Table 1) .
We have also estimated a minimum detectable ground deposition density, MDDD (t=0) , of 134 Cs when using the epiphytic lichens as retrospective meters of cumulative fallout in the case of a new contamination event. The MDDD (t) value (Bq m -2 ) in such case will depend on three principle factors: a) the . Although large values of T ag for radiocesium in the Usnea sp. lichens allow us to consider these organisms as rather sensitive radioactivity meters in the case of a new contamination event, some precautions should be taken into account when using lichens as biological sampling devices for the atmospheric radionuclides [1, 3] . Lichen samples must be collected from trees at a fixed height above the ground, preferably from the branches of the trees. Mass of the sample must be large enough to determine low activity of a radionuclide (e.g., ~0.1 Bq per a sample). For a given site, a lichen sample with the mass of 50-60 g can be composed of 10-50 sub-samples. The time interval between a contamination event and lichens collection should be short compared to the radiocesium T eff in the lichens.
